supplemented with 10% (vol/ vol) tryptose phosphate broth (Difco) and 5% heated calf serum. In secondary and later passages of C/E cells, 5% calf serum was sometimes replaced by 5% fetal calf serum. Medium for virus-transformed cultures was supplemented with 1% dimethyl sulfoxide.
Avian sarcoma retroviruses are known to recombine with a high frequency (1) (2) (3) (4) by a mechanism involving intramolecular crossing-over(s) (5, 6) . The molecular features of this mechanism are, however, unknown. It has been reported that mixedly infected cells release heterozygote particles, suggesting that heterozygotes may be precursors of recombinants (2) . The question remains, however, as to whether heterozygotes are an obligatory intermediate in the formation of recombinant viruses. Alevy and Vogt (7) gave evidence suggesting that wildtype recombinants between temperature sensitive (ts) early mutants could be isolated in the first 24 hr after infection. The low level of the wild-type viruses detected, however, could also be revertants of ts mutants rather than recombinants (8) . In three-factor crosses Wyke and Beamand (8) have recently shown a number of recombinant viruses that appeared to segregate from virus particles heterozygous for all three genes under study.
We have studied the genesis of recombinants by identifying the recombinant provirus by transfection (see ref. 9 for review). We have chosen a two-factor cross between the envelope gene envD of Rous sarcoma virus (RSV), subgroup D, and the chicken helper factor gene envE of chicken endogenous virus (10) . In this cross the chf gene is endogenously carried in chicken cells. In transfection assays this gene is uninfectious (11) and, therefore, cannot interfere with subgroup E recombinants. We will show that the recombinant envE provirus occurring in chf+ chicken cells infected with the Schmidt-Ruppin strain of RSV, subgroup D (SR-D), may be transfected in turkey cells susceptible to envE viruses but resistant to the envD parent. According to our results the time required for recombinational events to occur between the exogenous and endogenous env genes is longer than one cycle of virus infection. The In secondary and later passages of C/E cells, 5% calf serum was sometimes replaced by 5% fetal calf serum. Medium for virus-transformed cultures was supplemented with 1% dimethyl sulfoxide.
The presence of the chf gene in chicken cell lines used in this study was assessed by the ability to complement noninfectious Bryan sarcoma virus [BH-RSV(-), in which the helper virus that provides envelope glycoprotein is given in parentheses] released by quail 16Q cells (13) . In this assay 10616Q cells were cocultivated with 106 test cells, and 4 days later 5 ml of culture medium was filtered and assayed for infectious pseudotypes in T/B,D turkey cells. In positive assays 20-200 foci of transformed cells formed within [9] [10] [11] [12] days, whereas no foci formed under the same conditions in negative assays.
Viruses. SR-D no. 304 and its transformation-defective (td) derivative no. 300 were isolated after transfection of a focuscloned SR-D as described (14) . These viruses were grown in Brown Leghorn chf + cells and crude stocks contained, therefore, envE recombinants belonging to subgroup E avian tumor viruses, as indicated by the superscript E. To remove these recombinants SR-D was cloned by triansfection in C/E chfchicken cells, using the DNA purified from SR-D-transformed chf + cells. In this proviral-DNA-cloning procedure the DNA was serially diluted and the virus was isolated from a culture transfected at the end-point dilution of the DNA, thus with all probability generated from the provirus(es) expressed in one transfected cell.
Cloned SR-D was multiplied in C/E chf-cells grown in Corning 490-cm2 plastic roller bottles. Culture medium was harvested twice a day for several days, centrifuged at 10,000 X g and 4°C for 15 min, and stored at -700 C.
DNA Extraction. Chicken cells were infected with the virus at different multiplicities of infection (moi) as given in Results and cultured in roller bottles under previously described conditions (15) . DNA 10 pil of a probe mixture containing 3H-labeled cDNA of td Prague (PR) strain of RSV, subgroup C (1300 cpm, specific activity 25 X 106 cpm/flg) in an annealing buffer to obtain 0.6 M NaCl/0.02 M Tris-HCI (pH 7.4)/0.01 M EDTA and incubated in sealed 50-,ul Coming micropipettes at 68°C for several days. The cDNA probe was prepared as described (22) and kindly provided by D. Stehelin, Lille, France. After 60 or 120 hr the hybridization of cDNA was assayed by digestion with S1 nuclease. The contents of the micropipette were expelled into 0.03 M sodium acetate (pH 4.5)/0.2 M NaCl/ 0.001 M ZnS04 and sonicated and alkali-denatured calf thymus DNA at 10 ,ug/ml. The samples were split into two aliquots and incubated at 50°C for 2 hr in the presence and absence of S1 nuclease, then precipitated with trichloroacetic acid, and the precipitate was collected on Whatman GF/C filters and assayed for radioactivity. The percent hybridization was determined from the count ratio of Si-digested sample to undigested control.
RESULTS
Examination of Chicken Cell Lines for Expression of chf Phenotype. The chf phenotype of three different lines of chicken cells was determined from the ability to complement BH RSV(-) and to synthesize virus-related RNA as shown in Table 1 and Fig. 1 , respectively. In the BH-RSV(-) complementation assay, chicken cells were cocultured with 16Q cells releasing noninfectious Bryan sarcoma virus. Fig. 1 and suggests that an envE recombinant may arise even if the cells are negative in the BH-RSV(-) complementation assay. In contrast, no envE recombinant could be detected in SR-D-transformed C/E chfchicken cells. This was expected from the hybridization data in Fig. 1 showing that these cells contain no detectable virusrelated RNA.
The host range assays confirmed that viruses recovered in turkey cells after transfection are recombinant viruses sharing envE of the chicken endogenous virus The titer of these viruses in turkey cells relative to chicken cells was higher than 103. Table 2 shows that all these viruses were defective for transformation as if chf of virus-infected chicken cells recombined more frequently with the td SR-D segregant accompanying the parent virus than with the SR-D parent itself. The parentheses in Table 2 Leghorn chf+ cells detected in terms of infectivity in the Hirt pellet and supernatant fractions, respectively, 18 hr after infection. Such a DNA, however, was synthesized at later time intervals, because it was found in assays using the DNA purified from virus-infected cells 72 hr after infection. Table 3 shows that at that time envE recombinant DNA occurred in both Hirt pellet and supernatant fractions and was successfully transfected. In the case of Hirt pellet DNA the fraction of positively transfected cultures was 3/9; this fraction was significantly (X2 with Yate's correction = 3.86) higher than 0/26 obtained at 18 hr. Viruses isolated in these transfections were plated on turkey and chicken cells as before and found to have envE envelope properties. Again in parentheses are given two turkey cell cultures producing single foci after transfection with the SR-D parent as in Table 2 .
According to the transfection frequency (last three columns in Table 3 ) the amount of the recombinant virus DNA in chf+ chicken cells 72 hr after infection could be estimated to be at 4 IU per 1010 cells in the Hirt supernatant and 0.02 IU/,ug of DNA in the Hirt pellet. The last figure is about 1/100th of that given above for the specific infectivity of the parent SR-D provirus. We conclude, therefore, that the recombinant envE provirus, though undetected at 18 hr, occurs 72 hr after infection and, in terms of infectivity, amounts to about 1% of the parent provirus.
DISCUSSION
The transfection assay has proved to be a powerful tool for isolating chicken helper factor recombinants that are synthesized during replication of RSV in chf + chicken cells. For example, in turkey cells recombinant viruses carrying subgroup E envelope components could be isolated upon transfection although the DNA used in the transfection assay contained subgroup D provirus in about 100-fold excess. It was observed that on rare occasions SR-D provirus had been transfected in spite of the T/B,D phenotype of turkey cells. In that case, however, the virus did not spread and could not titrate in turkey cells although there were 103-104 FFU/ml as determined by focus assay in chicken cells. These latter viruses lacked envE components, suggesting that rare SR-D transfections in turkey cells are not helped by an envE provirus.
Recombinant envE provirus was transfected with a low frequency, and a large DNA dose was required in order to achieve such a transfection. In preliminary experiments no transfection was obtained in assays performed in 25-cm2 Coming flasks or 60-mm petri dishes and with DNA doses smaller than 20 ,ug per culture. However, envE recombinants were successfully transfected in 75-cm2 flasks-i.e., with about three times more cells than in 25-cm2 flasks. Care was taken in these assays to avoid DNA concentrations higher than 10 ,gg/ml (i.e., 20 Ag in 2 ml per flask), although no inhibitory effect of the DNA on focus formation has been observed with less than 40 ,ug/ml (unpublished data).
The frequency at which the envE recombinants were recovered suggests that the chf+ chicken cells, 72 hr after infection with envE-free SR-D, carry as many infectious recombinant proviruses as could be found in chronically infected cells of the same phenotype-i.e., about 1 infectious envE provirus per 100 envD SR-D proviruses. This estimate is higher than 0-3 reported by Hanafusa et al. (27) for occurrence of leukosis virus X chicken helper factor recombinants, and perhaps similar to 5.5 and 17.5% reported by Weiss et al. (2) for recombinants detected in SR-B and PR-B-infected chf+ White Leghorns. Unlike the infective center assay of Weiss et al. (2) , however, the transfection assay determines both nd and td virus recombinants and according to the data of Tables 2 and 3 only one sarcoma virus recombinant has been recovered among eight td recombinants. It is not clear, however, whether this result reflects the ratio 1:8 between actually integrated or successfully transfected nd and td recombinant proviruses. The latter possibility is supported by an observation that, at the end point dilution, infectious DNA usually generates td viruses even if the DNA is purified from chicken cells transformed with an excess nd virus (9, 14). 
